We have examined a new approach, using fuzzy logic, to the closed-loop feedback control of mechanical ventilation during general anaesthesia. This control system automatically adjusts ventilatory frequency (f ) and tidal volume (VT) in order to achieve and maintain the end-tidal carbon dioxide fraction
at a desired level (set-point). The controller attempts to minimize the deviation of both f and VT per kg body weight from 10 bpm and 10 ml kg
91
, respectively, and to maintain the plateau airway pressure within suitable limits. In 30 patients, undergoing various surgical procedures, the fuzzy control mode was compared with human ventilation control. For a set-point of During anaesthetic procedures, mechanical ventilation must be controlled continuously and adjusted in order to maintain a suitable arterial carbon dioxide tension 2 ( a ). co P In anaesthesia for intracranial surgery, for example, hypocapnia is used deliberately to reduce brain volume and intracranial pressure. For this purpose, recommendations have been provided for the initial ventilator settings, particularly for ventilatory frequency ( f ) and tidal volume (VT). [1] [2] [3] These settings are corrected according to periodic measurements of arterial blood-gas tensions or by using capnometry, or both. 4 Monitoring the end-tidal carbon dioxide fraction 2 CO E ( ) F Ј allows indirect, non-invasive, breath-by-breath estimate of 2 CO a P and is therefore essential for the control of the patient undergoing mechanical ventilation. As carbon dioxide production per minute (VCO2) and the relation of alveolar ventilation to pulmonary perfusion (VA/Q) may change during anaesthesia and surgery, adjustment of the ventilator settings by the anaesthetist is required. Alternatively, automatic, closed-loop control of mechanical ventilation has been designed and applied to lung models, animals and patients, using feedback control of 23 and gross alveolar ventilation (VgA). 24 25 The most frequently used output variables of these controllers were the ventilator settings for f, VT and respiratory minute volume (VE), but other variables such as the ratio of inspiratory to expiratory time (I/E ratio) and the inspiratory pressure support were adjusted, and carbon dioxide, delivered from a rebreathing bag and added to the inspiratory fresh gas mixture, was applied, using proportional-integral-derivative (PID) principles. 26 Recently, there has been increasing interest in the use of so-called intelligent control techniques in biomedicine 27 and promising modern feedback control systems, based on fuzzy logic, 28 have been developed for various applications in industry, for anaesthesia and for other branches of medicine. [29] [30] [31] [32] The software and methodology of a fuzzy controller of artificial ventilation have been developed, 23 but automatic control of 2 
CO E
F Ј for the respiratory care of patients using fuzzy logic has not yet been performed. It was the aim of this study to compare the performance of this automatic, closed-loop control system to human control. elective general, orthopaedic and ENT surgery. Exclusion criteria were patients of ASA classes 93, those :10 yr old (or body weight :35 kg), those whose lungs were not ventilated mechanically and where surgery was expected to last less than 2 h, and patients undergoing emergency or intracranial surgery.
Anaesthetic management, except for mechanical ventilation, was selected and performed by the attending anaesthetists according to usual practice. An additional anaesthetist, responsible for the study, was present as a supervisor. We used a modified Cicero ventilator (Drägerwerk AG, Lübeck, Germany), where f and VT could be adjusted electronically by the control computer. 2 
F Ј was measured at the mouthpiece, using an airway adapter fitted with a gas sampling port and a flow and airway pressure sensor, and a side-stream infrared gas analyser (D-LITE adapter and Capnomac Ultima-SV, respectively, Datex Instrumentarium
Corp., Helsinki, Finland). (Medical electrical equipment shall cause no safety hazard in normal and in single fault condition (International Standard 601-1 Clause 3.1 of the International Electrotechnical Commission.)) In the feedback control of mechanical ventilation, any failure of the Datex Capnomac Ultima-SV would be a single fault condition. Therefore, for safety reasons, an auxiliary side-stream anaesthetic gas analyser (M1025B, Hewlett Packard Co, Andover, USA), which was not implemented in the feedback control system, was used. Before the experiment, the gas monitors were calibrated according to the operator's manual. In addition to inspired/expired gas concentrations, peak airway pressure (Ppeak), plateau airway pressure (Pplat), positive end-expiratory airway pressure (PEEP), inspired and expired volumes and pulse oximetry data were measured and displayed by the Datex Capnomac Ultima-SV. According to the manufacturer, accuracy and resolution of this monitor for An IBM compatible personal computer was used for feedback control and for acquisition, display and storage of data. Computer programmes for these tasks were written in Modula-2 (Logitech SA, Romanel/Morges, Switzerland).
For human and automatic closed loop control of mechanical ventilation, alarm messages were displayed by the monitoring devices and the control computer if any of the preset limits of various variables were exceeded. The fuzzy control mode could be switched to human control at any time.
CLINICAL INVESTIGATIONS
In 30 patients automatic fuzzy logic feedback control of artificial ventilation was compared with human control, which was performed by five staff members, 15 residents and 10 anaesthesia nurses.
Measurements were started during maintenance of anaesthesia, independent of whether or not surgery had begun. Patients were allocated randomly to the sequence of control periods (table 1) . For each control mode and control period f and VT were set by the anaesthetist (manual control) or the computer (fuzzy logic control) in order to maintain the desired 2 CO E .
F Ј
Step-changes in the desired as a measure of the stability of the control, were determined separately for each patient and each period of the trial programme (table 1) and each control mode. For computation of these two variables, data collected during the whole time interval of periods 2 and 6 were used, whereas for periods 3, 4, 7 and 8, only data of the last 10 min of these periods were considered.
Step-changes in the setpoint of 2 CO E F Ј were judged by the 10-90 rise time (T10-90) and the overshoot. For an increase in the setpoint (periods 3 and 7), T10-90 was defined as the time required for In addition to the mean
T10-90 and the overshoot, mean f, tidal volume per kg body weight (VT/BW), minute volume per kg body weight (VE/BW), Ppeak and Pplat were determined for any patient, control period and control mode. Using this reduced sample, means, SD and differences (fuzzy logic minus manual control) of the above mentioned variables were computed. In testing differences between the control modes the Wilcoxon signed rank test was performed. Statistical software used was SigmaStat (Jandel Scientific GmbH, Erkrath, Germany). With respect to the accuracy of the control, the mean of the averaged 2 CO E eF Ј for any individual period (table 1) ranged from -0.01 to 0.00 vol% (SD 0.05 vol%) during fuzzy logic control (table 2). The minor increase in both, the corresponding range (from -0.06 to 0.00 vol%) and SD (from 0.07 to 0.14 vol%) during manual control, yielded a statistically significant but irrelevant difference in averaged 
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Discussion
We have demonstrated that during general anaesthesia, fuzzy logic control of mechanical ventilation of the lungs of 30 patients of different ages, with various disease states and surgical procedures, was safe and reliable. Compared with human controllers, the fuzzy controller maintained desired 
F
The breathing pattern, selected by the fuzzy controller, was within clinically acceptable ranges ( fig. 2, table 2) .
The ventilator settings of the fuzzy controller were based on the recommendations of Kacmarek and Venegas. 3 Except for maintaining Pplat within suitable limits, the controller did not adapt these settings to the actual state of lung function or lung mechanics of an individual patient, which was the special feature of the lung ventilator controller described by Laubscher and co-workers 24 and Weiler, Heinrichs and Kessler. 25 It was not within the scope of this study to investigate and qualify various physiological effects as a result of automated ventilation control on respiratory and haemodynamic function. Although the results of blood-gas analyses (table 3) were clinically satisfying for both fuzzy and manual control of ventilation with a set-point of 
: 4.5 vol%, this does not prove that breathing patterns were optimal. Tweed and colleagues, 33 examining the old controversy of the influence of VT on the well-known impaired pulmonary gas exchange during general anaesthesia, concluded that results from previous investigations had not been consistent. Their own study revealed that patient and surgical factors were more important determinants of pulmonary gas exchange during anaesthesia than VT or inspired gas composition. -------------------------------------------------------------------------------------------- One of the aims of artificial ventilation control is to maintain 2 CO a P within a small range of a desired value. In this study, however, the automatically and manually controlled variable was 2 
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CO E
F Ј as an expression of 2 
CO E′
P
. The arterial to end-tidal PCO2 difference
C O CO E ( a ) P P is small in healthy individuals, but in anaesthetized patients with altered alveolar ventilation (VA) and pulmonary perfusion (Q) (VA/Q mismatch) the difference may be considerable. 34 An increased and variable end-tidal to arterial gradient may result from pre-existing cardiovascular and respiratory disease states and from the patient's physiological reactions to anaesthesia and surgery, such as variations in arterial pressure, temperature and positioning, prolonged anaesthesia, pulmonary embolism, etc. These situations, but also failing anaesthesia equipment, monitoring devices and control computer, may lead to "erroneous" control. This may be circumvented by changing the set-point of
for example after control of blood-gas tensions. Safeguards were independent alarm systems implemented on the ventilator, monitoring devices and control computer, in addition to continuous supervision of the feedback control system by the anaesthetist responsible for the study, who had some understanding of the "intelligent" systems built into the research anaesthesia workplace.
Because artificial ventilation of the lungs of a patient represents an ill-defined biological process, fuzzy logic control by its imitation of the anaesthetist's management is promising. In contrast with many studies on computer-controlled ventilation, fuzzy logic ventilation control is feasible in the "uncontrolled" clinical environment and is convenient as it relieves the anaesthetist from routine control work. It is planned to implement the control of mechanical ventilation into the developing control systems for the delivery of inhaled anaesthetics, as reported in this journal by Zbinden and co-workers 31 and Curatolo and colleagues. Basic knowledge on fuzzy logic control, which is necessary for understanding the following, has been given previously. [29] [30] [31] [32] Input variables of the fuzzy controller were: Twenty-nine linguistic rules were designed, which expressed the intention to achieve and maintain the desired CO E 2 F ′ by selection of appropriate ventilator settings and at the same time to minimize the deviation in both f and VT/BW, from 10 bpm and 10 ml kg 91 , respectively, and to maintain Pplat within suitable limits (:3-4 kPa). By mean of the following examples of rules, the concept of fuzzy logic control of artificial ventilation is explained. In figure 3, Rules, sets and membership functions were designed according to clinical experience and modified in pilot studies with 14 anaesthetized patients undergoing mechanical ventilation from whom written informed consent had been obtained.
Maximum9minimum inference was used for determination of fuzzy values of output variables. Applying the centre of gravity method defuzzificated, crisp values for the ventilator settings resulted at a rate of 0.1 Hz.
In the computer programme for automatic feedback control of mechanical ventilation various safety restrictions were incorporated to keep the values of input and output variables within reasonable limits. One of these restrictions was that ventilator settings for f were limited to values between 6 and 20 bpm and for VT/BW to values between 4 and 20 ml kg 91 .
